Oncolytic viruses pose many questions in their use in cancer therapy. In this study, we assessed the potential of mpJX-594 (mouse-prototype JX-594), a replication-competent vaccinia virus administered by intravenous injection, to target the tumor vasculature, produce immune activation and tumor cell killing more widespread than the infection, and suppress invasion and metastasis. These actions were examined in RIP-Tag2 transgenic mice with pancreatic neuroendocrine tumors that developed spontaneously and progressed as in humans. mpJX-594 initially infected tumor vascular endothelial cells, leading to vascular pruning and prolonged leakage in tumors but not in normal organs; parallel effects were observed in U87 gliomas. Viral infection spread to tumor cells, where tumor cell killing was much more widespread than the infection. Widespread tumor cell killing at 5 days was prevented by depletion of CD8 þ T lymphocytes and did not require GM-CSF, as mpJX-594 variants that expressed human, mouse, or no GM-CSF produced equivalent amounts of killing. The antivascular, antitumor, and antimetastatic effects of mpJX-594 were amplified by concurrent or sequential administration of sunitinib, a multitargeted receptor tyrosine kinase inhibitor. These effects were not mimicked by selective inhibition of VEGFR2 despite equivalent vascular pruning, but were accompanied by suppression of regulatory T cells and greater influx of activated CD8 þ T cells. Together, our results
Introduction
Replication-competent oncolytic viruses that selectively infect tumors are emerging as a novel class of cancer therapeutics (1) (2) (3) (4) (5) . JX-594 (Pexa-Vec, pexastimogene devacirepvec) is a vaccinia vaccinederived oncolytic poxvirus engineered to inactivate viral thymidine kinase (TK) and express transgenes encoding human granulocyte-macrophage colony-stimulating factor (hGM-CSF, encoded by CSF2) as an immune response promoter and b-galactosidase as a reporter (6) (7) (8) (9) .
JX-594 and related oncolytic viruses are designed to induce direct oncolysis and immune-mediated killing of tumor cells (10) (11) (12) (13) (14) (15) . Oncolytic viruses induce immune responses not only against viral antigens but also against tumor antigens and can thereby target noninfected metastases (5, 11, 13, 14) . The respective contributions of oncolysis and immunologically mediated tumor cell death are now being elucidated (15) .
Oncolytic viruses can also target and disrupt the tumor vasculature (16) (17) (18) (19) . Consistent with their antivascular effects, the antitumor actions of oncolytic viruses are influenced by antiangiogenic agents, but the effects vary with the treatment regimen and have different underlying mechanisms. Administration of anti-VEGF antibody concurrently with vaccinia virus strongly reduces viral infection of tumors, suggestive of an essential role of VEGF signaling on viral tropism to tumor blood vessels (20) . However, brief pretreatment with anti-VEGF antibody or the angiogenesis inhibitor sunitinib increases the antitumor effect of reovirus, reportedly because withdrawal of the inhibitor triggers a rebound burst of VEGF that increases endothelial cell infection, vascular disruption, and viral delivery to tumor cells (21) . Pretreatment with recombinant VEGF has similar effects (21) . By a different experimental approach, sunitinib was found to amplify the antitumor effects of vaccinia virus when administered 7 days after the virus but not when given 7 days before (19) .
Prolongation of virally induced vascular collapse and suppression of angiogenesis were the presumptive mechanisms (19) .
Complicating the interpretation of these experiments, sunitinib has immune-modulatory effects in addition to antivascular actions when given with oncolytic viruses (14) . Sunitinib decreases regulatory T cells (Treg) and myeloid-derived suppressor cells (MDSC) in some tumors (22) (23) (24) . Sunitinib also promotes replication of oncolytic vesicular stomatitis virus in tumors by inhibiting innate antiviral immunity (25) .
Building on this background, we sought to determine (i) the location of infection after intravenous administration of oncolytic virus and the temporal sequence of spread from tumor blood vessels to tumor cells; (ii) whether regions of tumor cell death extend beyond sites of infection in tumors; (iii) whether tumor cell killing beyond sites of infection depends on cytotoxic CD8 þ T-cell influx; (iv) whether this initial tumor cell killing requires viral GM-CSF expression; and (v) whether effects of sunitinib on tumor vascularity, leakiness, or immune modulation promote virally mediated tumor cell killing through a VEGFR2-dependent mechanism.
We addressed these issues by examining the effects of mpJX-594 in RIP-Tag2 transgenic mice, which spontaneously develop insulinomas (pancreatic neuroendocrine tumors, PNET) in their natural location (26) . The tumors manifest multiple stages of progression and are highly responsive to angiogenesis inhibitors (27, 28) . mpJX-594 is a Western Reserve strain of vaccinia virus, which, like its clinical counterpart JX-594/Pexa-Vec, has viral TK inactivation and expresses human GM-CSF (18, 29) .
Anti-CD8 antibody was administered with mpJX-594 over 5 days to determine whether the initial widespread tumor cell killing by the virus was dependent on cytotoxic CD8 þ T cells. With the understanding that human GM-CSF has limited activity in mice (30, 31) , we compared three mpJX-594 variants, which expressed human GM-CSF, mouse GM-CSF, or no GM-CSF, to determine whether viral GM-CSF made a significant contribution to the widespread tumor cell killing found at 5 days. The experiment was designed to match the other 5-day experiments, with recognition that the production and downstream effects of viral GM-CSF probably take longer than 5 days to peak. Antiangiogenic effects were assessed by comparing mpJX-594 alone and together with sunitinib (32) or anti-VEGFR2 antibody DC101 (33) . Experiments revealed that i.v. administration of mpJX-594 was rapidly followed by selective infection of tumor vascular endothelial cells, loss of endothelial barrier function, and reduction in tumor vascularity. The viral infection spread to focal regions of tumor cells. Apoptosis was extensive at 5 days and was much more widespread than the viral infection. Cell killing beyond infected regions of tumors at 5 days was dependent on CD8 þ T-cell influx but not on viral GM-CSF expression. The antivascular, antitumor, and antimetastatic effects of mpJX-594 were amplified by sunitinib, independent of administration sequence. These actions of sunitinib were not explained by vascular pruning and were not mimicked by VEGFR2 inhibition by DC101, but were accompanied by suppression of Tregs and greater influx of CD8 þ T cells.
Materials and Methods

Oncolytic viruses and tumor cell lines
Variants of mpJX-594 vaccinia virus used for studies in RIP-Tag2 transgenic mice were generated from the Western Reserve strain (WR). WR is a Wyeth strain vaccinia virus isolated through serial passage in mice to select for replication in mouse cells (34) . A cassette containing enhanced GFP or yellow fluorescent protein (YFP) and GM-CSF or mCherry transgenes under the synthetic early/late promoter (pSE/L) was inserted into the vaccinia TK gene locus, thereby inactivating TK gene function (Supplementary Fig. S1A-S1C ). Three variants of mpJX-594 that express human GM-CSF (mpJX-594/hGM-CSF), mouse GM-CSF (mpJX-594/mGM-CSF), or mCherry instead of GM-CSF (mpJX-594/mCherry) were created ( Supplementary Fig. S1A -S1C). The variant expressing hGM-CSF (also designated mpJX-594) was used unless otherwise specified. All three variants were used to determine the contribution of GM-CSF to the antitumor action of mpJX-594. mpJX-594/mCherry lacking GM-CSF was also used in studies of 4T1 mouse mammary carcinomas in syngeneic BALB/c mice. The clinical vaccinia virus JX-594, propagated in U2OS cells, was used in studies of human U87 gliomas in nude mice. JX-594 is a Wyeth vaccinia vaccinederived oncolytic virus modified by inactivation of the viral TK gene by insertion of hGM-CSF and b-galactosidase transgenes under control of the synthetic early-late and p7.5 promoters, respectively (35) . U87 and 4T1 tumor cell lines were obtained from the ATCC, authenticated by short tandem repeat analysis or direct sequencing, and tested for mycoplasma contamination and found to be negative.
Tumor models and treatments
Tumor-bearing RIP-Tag2 transgenic mice (C57BL/6 background) at age 13 weeks received mpJX-594/hGM-CSF, mpJX-594/mGM-CSF, or mpJX-594/mCherry (10 7 pfu in 100 mL of PBS) by tail vein injection on day 0 and were studied 5 days later in most experiments. Time-course studies also examined 6 hours, 1 day, and 2 days after mpJX-594. Dose-response studies compared effects of the standard 10 7 pfu dose of mpJX-594/mGM-CSF with 3 or 6 times this dose at 5 days. In CD8 þ T-cell depletion experiments, RIP-Tag2 mice received 400 mg anti-CD8 antibody (Clone 2.43) or control IgG (Rat, Clone LTF-2, both BioXCell) in 100 mL i.p. on days -2, -1, 1, and 3. Virus was injected at day 0. Mice were studied on day 5. In experiments of angiogenesis inhibitors, mice received sunitinib (40 mg/kg in 5 mL/g sterile saline with 0.5% methylcellulose suspension, Pfizer) by gavage daily alone or with mpJX-594. Relevance of the sequence of administration of one dose mpJX-594 and daily sunitinib over 10 days was tested by giving both agents together or by giving one or the other agent alone 5 days before starting the second agent. Effects of 30-day treatment with mpJX-594 and/or sunitinib were examined by injecting mpJX-594/hGM-CSF on days 0 and 15 and giving sunitinib daily on days 5 to 29. The contribution of VEGF signaling blockade to the effects of sunitinib was tested with the selective VEGFR2 inhibitor DC101 antibody (Monoclonal Antibody Core), 40 mg/kg i.p. twice over 5 days, with or without a priming dose (100 mg/kg i.p.) the day before injection of mpJX-594. Controls were treated with vehicle (PBS).
U87 human glioblastoma cells (1 Â 10 6 U87MGvIII cells; ATCC) were implanted subcutaneously on both flanks of CD1 athymic nude mice at age 6 to 8 weeks. 
Flow cytometry
Cells isolated from collagenase-digested RIP-Tag2 tumors were stained for CD45, CD3e, CD4, and CD8 and analyzed by flow cytometry. Activated CD8 þ T cells were identified by granzyme B staining, and Tregs were identified by Foxp3 staining after permeabilization. Supplementary Methods have details of methods for flow cytometry.
Statistical analysis
Values are expressed as mean AE SEM for 5 mice per group, unless indicated otherwise in figure legends. Differences were assessed by the Student t test or ANOVA followed by Tukey test for multiple comparisons (Prism 6, Graphpad), where P < 0.05 was considered significant. Differences in metastasis incidence were assessed by the Fisher exact test (R, version 3.4.1), where P < 0.05 was considered significant. Fig. S2A and S2B). The amount and brightness of vaccinia staining were greater at 5 days when discrete clusters of vaccinia-positive cells were visible in most tumors (Supplementary Fig. S2A and S2B) . YFP, which required viral replication for expression ( Supplementary Fig. S1 ), had a similar distribution ( Supplementary Fig. S2C and S2D ), confirming that staining for vaccinia reflected sites of active infection rather than sequestration of virus.
Spleen and liver of RIP-Tag2 mice were tested for vaccinia and YFP staining to determine whether mpJX-594 entered and replicated in cells outside tumors (Supplementary Fig. S3 ). Vaccinia staining in the spleen was strong at 6 hours but was faint at 1 day and absent at 5 days ( Supplementary Fig. S3A ). The significance of the strong vaccinia staining in the spleen at 6 hours was assessed by YFP staining. Little or no YFP was found at 6 hours or other times ( Supplementary Fig. S3B ). Although faint vaccinia staining was evident in liver sinusoids at 6 hours, none was found at 5 days, and no YFP fluorescence was detected at either time (Supplementary Fig. S3C ).
mpJX-594 effects on tumor vasculature, tumor cells, and tumor burden
Blood vessels in RIP-Tag2 tumors became progressively more leaky from 6 hours to 5 days after i.v. injection of mpJX-594. At 10 minutes after i.v. injection, extravasated 50-nm microspheres were limited to small, scattered regions of control tumors, but were widespread in tumors at 5 days after mpJX-594, indicative of sustained blood flow and leakage ( Fig. 1A and B) .
Like microspheres, extravasation of fibrinogen/fibrin and erythrocytes requires blood flow, endothelial barrier defects, and transmural driving force, but unlike microspheres, intratumoral fibrin and hemorrhage provide historical records of leakage (37) (38) (39) . Fibrin had a patchy distribution in control tumors (39) , but at 5 days after mpJX-594, fibrin outlined the vasculature and filled scattered regions in tumors ( Supplementary Fig. S4A ). Fibrin was 161% more widespread at 5 days after mpJX-594 than in tumors of littermate controls (Fig. 1C) .
Similar differences were found in extravasated erythrocytes, which in control tumors had a patchy distribution similar to that of fibrin (Supplementary Fig. S4B ; refs. 38, 39). At 5 days after mpJX-594, extravasated erythrocytes were more than twice as abundant as in control tumors (Fig. 1C) , consistent with a sustained endothelial barrier defect. mpJX-594 infection was accompanied by vascular pruning in tumors (Fig. 1D ). Tumor vascularity assessed by CD31 staining was reduced by 37% at 5 days after mpJX-594 (Fig. 1E ). To test whether CD31 staining faithfully reflected tumor vascularity, tumor blood vessels were costained for CD31 and VEGFR2 after vehicle or mpJX-594 (5 days). CD31 and VEGFR2 measurements were equal at baseline and similarly decreased after mpJX-594 (Supplementary Fig. S4C and S4D ).
At 5 days after mpJX-594, most vaccinia staining was in discrete clusters ( Fig. 1D and F ). By comparison, apoptosis shown by staining for activated caspase-3 was much more widespread. Apoptotic cells were sparse and scattered in vehicle-treated tumors, but were abundant and widely distributed after mpJX-594 (Fig. 1G ). On average, the amount of activated caspase-3 staining was about 8-fold the amount of vaccinia (38% vs. 5%; Fig. 1F and H). Consistent with the large increase in cell death, tumors in mice at 5 days after mpJX-594 were significantly smaller than controls ( Fig. 2A) . mpJX-594 effects on vascular leakage and tumor cell killing. A, Extravasated 50-nm microspheres (green), shown with blood vessels (CD31, red) and alone in RIP-Tag2 tumors, are sparse at 5 days after vehicle but are abundant after mpJX-594. B, Microsphere extravasation was greater at 5 days than at 1 day after mpJX-594. ANOVA: Ã , P < 0.05 compared with vehicle (n ¼ 4 mice/group). C, Time-dependent increase in staining for extravasated fibrin (blue) and erythrocytes (TER119, red) in tumors from 6 hours to 5 days after i.v. injection of mpJX-594. ANOVA: Ã , P < 0.05 for difference compared with vehicle for 5 days (n ¼ 5 mice/group). D, Confocal micrographs of blood vessels (CD31, red) and vaccinia staining (green, arrow) in RIP-Tag2 tumors at 5 days after one dose of vehicle or mpJX-594. E and F, Differences in tumor vascularity (CD31 staining) and vaccinia staining at 5 days after vehicle or mpJX-594. Ã , P < 0.05 compared with vehicle (n ¼ 5 mice/group). G, Confocal micrographs of apoptotic cells (activated caspase-3, red) stained alone and with blood vessels (CD31, green) in RIP-Tag2 tumors at 5 days after vehicle or mpJX-594. H, Large increase in activated caspase-3 staining at 5 days after mpJX-594. ANOVA: Ã , P < 0.05 compared with vehicle (n ¼ 5 mice/group). Scale bar in G applies to all images, 200 mm. 
-cell influx
We next determined whether the extent and distribution of tumor cell killing after mpJX-594 were governed by cytotoxic CD8 þ T cells. Although CD45 þ leukocytes were numerous in RIPTag2 tumors even in the absence of mpJX-594 (Fig. 2B) , CD8 þ T cells were sparse in control tumors but were very abundant after mpJX-594 (Fig. 2C) . Flow cytometry of CD45 þ cells dissociated from RIP-Tag2 tumors confirmed that CD3 þ T cells increased after mpJX-594 and that CD8 þ T cells were the dominant population (Fig. 2D) . The contribution of cytotoxic T cells to the antitumor effects of mpJX-594 in RIP-Tag2 mice was tested by giving the virus after depletion of CD8 þ T cells with anti-CD8 þ antibody for 5 days.
Depletion was confirmed by immunohistochemistry and flow cytometry ( Fig. 3A and B) . CD8 þ T-cell depletion had little effect on the amount and distribution of vaccinia staining in tumors ( Fig. 3C and D) . However, tumor cell apoptosis marked by activated caspase-3 staining was significantly reduced in tumors after depletion of CD8 þ T cells and had a strikingly different distribution ( Fig. 3E and F) . Apoptosis in tumors after mpJX-594 in mice lacking CD8 þ T cells was limited to focal regions of vaccinia staining, unlike the widespread distribution in tumors of mice with intact CD8 þ T cells ( Fig. 3C-F) .
Contribution of GM-CSF from mpJX-594 to tumor cell killing
To determine the contribution of viral GM-CSF expression to the initial widespread tumor cell killing by mpJX-594, we compared the amount of tumor-cell apoptosis at 5 days after three viral variants, which expressed human GM-CSF, mouse GM-CSF, or no GM-CSF ( Supplementary Fig. S1 ). Activated caspase-3 staining in tumors was 48-to 53-fold greater than the baseline (vehicle) after all variants of mpJX-594, and no differences were found among the three variants ( Supplementary Fig. S5A and S5B), indicative of limited contribution of viral GM-CSF at 5 days. A dose-response study revealed that a 6-fold dose of mpJX-594/ mGM-CSF was accompanied by only doubling of activated caspase-3 staining at 5 days ( Supplementary Fig. S5C ). Consistent with other experiments, activated caspase-3 staining was significantly greater than vaccinia staining at all three doses (Supplementary Fig. S5C ).
JX-594 effects on U87 gliomas
To test the effects of the virus in another tumor model, we performed similar experiments using JX-594 in mice with U87 gliomas. As in RIP-Tag2 tumors, vaccinia staining was absent in the controls, was found near tumor vessels at 6 hours after JX-594, was in scattered tumor cells at 1 day, and was widespread in tumors at 5 days ( Supplementary Fig. S6A ). Extravasated fibrin, as an indicator of defective endothelial barrier function, was sparse in control U87 tumors, but outlined tumor vessels at 1 day after JX-594 and was widely distributed in tumors at 5 days ( Supplementary Fig. S6B ). Activated caspase-3 was sparse in control tumors but was abundant near tumor vessels at 1 day after JX-594 ( Supplementary Fig. S6C ). After JX-594, tumor vessels were narrower, and tumor vascularity was reduced 30% at 1 day, 38% at 2 days, and 56% at 5 days ( Supplementary  Fig. S6D and S6E ).
mpJX-594 plus sunitinib: Amplified antitumor effects
As sunitinib has been shown to increase the antitumor action of some oncolytic viruses (19) , we compared the effects of mpJX-594 and sunitinib given individually or together to RIP-Tag2 mice. Amounts of vaccinia infection, vascular pruning and leakage, and tumor cell killing were used as readouts.
Vaccinia staining in tumors after mpJX-594 plus sunitinib was nearly 5-fold the amount after mpJX-594 alone (34% vs. 7%; Fig. 4A and B) . The decrease in tumor vascularity was also greater at 5 days after the combination (55% reduction) than after mpJX-594 (37% reduction) or sunitinib alone (36% reduction; Fig. 4C ). Extravasation of 50-nm microspheres was >60% greater at 1 and 5 days after mpJX-594 plus sunitinib than after mpJX-594 alone ( Fig. 4D and E) . Microsphere leakage after the combination was 5 times the baseline at 1 day and 10 times the baseline at 5 days (Fig. 4E ). Leakage after sunitinib was similar to the control at both times (Fig. 4E) . Sustained leakage after the combination of agents indicated that sunitinib did not result in tumor vessel normalization with suppression of leakage under these conditions (38) .
Greater vaccinia infection after mpJX-594 plus sunitinib was accompanied by more uniform and widespread apoptosis in RIP-Tag2 tumors ( Fig. 4F and G) . Activated caspase-3 staining was 17-fold the baseline value when the two agents were given together, compared with 10-fold after mpJX-594 alone and 2-fold after sunitinib alone (Fig. 4G) . The disproportionate increase in activated caspase-3 compared with the reduction in tumor vascularity after mpJX-594 plus sunitinib ( Fig. 4C and G) argues against the antiangiogenic action of sunitinib as the main mechanism of amplification of tumor cell killing.
Sunitinib amplification of mpJX-594-induced tumor cell killing was similar at 5 days regardless of whether the virus expressed human or mouse GM-CSF. Tumors in RIP-Tag2 mice given mpJX-594/mGM-CSF plus sunitinib had significantly more activated caspase-3 at 5 days than after the virus alone (Supplementary Fig. S7A and S7B) , and the amount of amplification was about the same as found with mpJX-594/hGM-CSF (Fig. 4G) .
Tumor burden in RIP-Tag2 mice treated with mpJX-594/hGM-CSF plus sunitinib for 5 days fit with the widespread tumor cell killing. Tumor burden in mice treated with both agents was less than half the value of mice treated with mpJX-594 or sunitinib alone and only 20% of vehicle-treated controls (Fig. 4H) .
mpJX-594 plus sunitinib: Effects on 4T1 mammary carcinomas 4T1 mouse mammary carcinomas were implanted in syngeneic BALB/c mice to test whether coadministration of sunitinib increased the antitumor effect of mpJX-594 on these tumors over 5 days as found in RIP-Tag2 tumors (Supplementary Fig. S7C ). 4T1 tumors treated with mpJX-594/mCherry (no GM-CSF expressed) plus sunitinib were significantly smaller (57% reduction) than the controls. Neither the virus nor sunitinib given alone resulted in consistent growth slowing under these conditions ( Supplementary Fig. S7C ).
mpJX-594 plus sunitinib: Effects on immune response
As sunitinib can influence the action of oncolytic viruses through effects on innate and adaptive immunity (14, 22, 25) , we examined this issue in RIP-Tag2 tumors. CD45
þ cells and CD8 þ T cells were much more abundant in tumors in mice treated with mpJX-594 plus sunitinib than in untreated tumors ( Fig. 5A and B). Flow cytometry revealed that T cells constituted about 30% of CD45 þ cells isolated from tumors after vehicle or sunitinib, but accounted for 57% after mpJX-594 and 77% after mpJX-594 plus sunitinib (Fig. 5C ). CD8 þ T cells predominated in tumors after mpJX-594, averaging 13 times the number of CD4 þ T cells (Fig. 5D ). CD8 þ to CD4 þ T-cell ratios were similar after mpJX-594 alone or with sunitinib, indicating similar enrichment of CD4 þ T cells and CD8 þ T cells (Fig. 5D ). Tregs were less numerous after sunitinib given alone or with mpJX-594 than after mpJX-594 alone (Fig. 5E ). More than 80% of CD8 T-cells were granzyme B þ in tumors treated with mpJX-594 alone or with sunitinib, but few CD8 þ /granzyme B þ cells were found in the controls (Fig. 5F and G).
mpJX-594 plus sunitinib: Effects of treatment over 30 days
To determine whether the antitumor effects of the combination of agents were sustained during prolonged treatment, we gave two Sunitinib amplification of mpJX-594 effects on tumor vascularity, leakage, and apoptosis. A, Confocal micrographs of blood vessels (CD31, red) and vaccinia (green, arrows) in RIP-Tag2 tumors at 5 days after daily sunitinib or one dose of mpJX-594 plus daily sunitinib. B and C, Treatment-related differences in vaccinia (B) and blood vessels (C) in tumors. ANOVA: P < 0.05 compared with vehicle ( Ã ) or with mpJX-594 alone (n ¼ 5 mice/group; #). D, Widespread extravasation of 50-nm microspheres (green, arrows) in tumors at 5 days after mpJX-594 plus sunitinib. Intravascular microspheres removed by vascular perfusion 10 minutes after i.v. injection of tracer. Blood vessels, CD31, red. E, Extravasated microspheres were more abundant at 5 days after mpJX-594 than vehicle and were more numerous after mpJX-594 plus sunitinib than mpJX-594 alone. P < 0.05 compared with vehicle ( Ã ) or with mpJX-594 alone (n ¼ 4 mice/group; #). F, Confocal micrographs show more apoptotic cells (activated caspase-3, red) in RIP-Tag2 tumor at 5 days after mpJX-594 plus sunitinib than sunitinib alone. Blood vessels (CD31, green). G and H, Treatment-related differences in activated caspase-3 (G) and tumor burden in pancreas (H). P < 0.05 compared with vehicle ( Ã ) or with mpJX-594 alone (n ¼ 5 mice/group; #). Scale bar in F applies to all images, 200 mm. or mpJX-594 plus sunitinib. ANOVA: Ã , P < 0.05 compared with vehicle (n ¼ 6 mice/group). E, Treatment-related differences in Tregs (CD45
þ ) per mg tumor tissue at 5 days. No significant difference among groups by ANOVA, but Ã , P < 0.05 for differences between sunitinib or sunitinib plus mpJX-594 versus mpJX-594 alone by Student t tests (n ¼ 3-8 mice/group). F, Treatment-related differences in CD8 þ T-cell activation shown by flow cytometry for granzyme B þ staining. ANOVA: Ã , P < 0.05 compared with vehicle (n ¼ 4 mice/group). G, Flow cytometry plots show gating and upregulation of granzyme B in CD8 þ T cells at 5 days after mpJX-594 alone or with sunitinib (% granzyme B þ cells in boxes, pregated on CD45 (Fig. 6A) . Other groups received a similar regimen of vehicle, mpJX-594 alone, or sunitinib alone (Fig. 6A) . Compared with vehicle, all three treatments resulted in significant reduction in tumor vascularity, increase in apoptosis, and reduction in tumor burden (Fig. 6B-G) . The amount of vascular pruning was about the same with all three treatments ( Fig. 6B and C) . However, compared with the single agents, the combination produced triple the amount of apoptosis ( Fig. 6D and E) and more than twice the reduction in tumor burden ( Fig. 6F and G) .
mpJX-594 plus sunitinib: Effects on invasion and metastasis
Studies of RIP-Tag2 mice at 17 weeks of age made it possible to test the effects of mpJX-594 and sunitinib on tumor invasion and metastasis, which are common at this age (28, 40) . Using the 30-day regimen (Fig. 6A) , we examined the efficacy of mpJX-594 and sunitinib, given separately or together. Tumors treated with mpJX-594 alone had more distinct margins and less invasion, reflected by fewer tumor cells around pancreatic acinar cells, but tumors treated with the combination were even less invasive ( Fig. 7A and B) .
Microscopic liver metastases, detected by SV40 T-antigen staining (28, 41) , were found in 100% of RIP-Tag2 mice treated with vehicle, mpJX-594, or sunitinib alone over the 30-day regimen, but were found in only 50% of mice treated with mpJX-594 plus sunitinib (Fig. 7C ). The latter mice had 94% fewer micrometastases than vehicle-treated controls (Fig. 7D) . Strong vaccinia staining was found in micrometastases but not elsewhere in the liver of 17-week-old mice given mpJX-594 5 days earlier (Fig. 7E) . Most cells within micrometastases also stained for activated caspase-3 (Fig. 7E) .
mpJX-594 plus sunitinib: Effects of administration sequence
Because sunitinib is reported to amplify the antitumor action of vaccinia virus only when given after the virus (19), we compared three sequences of administration to RIP-Tag2 mice (Supplementary Fig. S8A ): (a) Simultaneous: mpJX-594 on day 0, and sunitinib daily on days 0-9; (b) mpJX-594 first: mpJX-594 on day 0, and sunitinib daily on days 5-9; and (c) Sunitinib first: sunitinib daily on days 0-9, and mpJX-594 on day 5. For comparison, mpJX-594 or sunitinib was given alone and studied at 5 and 10 days. Readouts were vaccinia staining, vascular density, and activated caspase-3. Values for mpJX-594 plus sunitinib on day 10 (Supplementary Fig. S8B-S8D ) were normalized to the corresponding value for mpJX-594 alone ( Supplementary Fig. S8E-S8G) .
Vaccinia was significantly greater in the Simultaneous and mpJX-594 first groups than in the Sunitinib first group (Supplementary Fig. S8B ). Tumor vascularity was reduced more in the Simultaneous and Sunitinib first groups than in the mpJX-594 first group (Supplementary Fig. S8C ), as expected for sunitinib for 10 days versus 5 days. As an index of apoptosis in tumors, activated caspase-3 was greater in the Simultaneous and mpJX-594 first groups than in the Sunitinib first group (Supplementary Fig. S8D ).
Vaccinia staining was greater at 5 days than at 10 days after mpJX-594 alone (Supplementary Fig. S8E ). Tumor vascularity was reduced about the same amount by mpJX-594 alone as by sunitinib alone, and the reduction was greater at 10 days than 5 days (Supplementary Fig. S8F ). Activated caspase-3 was more widespread after mpJX-594 than after sunitinib at 5 or 10 days (Supplementary Fig. S8G ). Tumor burden was similarly decreased by mpJX-594 plus sunitinib regardless of the administration sequence ( Supplementary Fig. S8H ).
mpJX-594 plus sunitinib: Effects not mimicked by VEGFR2 inhibition by DC101
To determine whether sunitinib amplification of the antitumor effects of mpJX-594 resulted from the antiangiogenic effects of blocking VEGF signaling, we used the selective VEGFR2 inhibitor DC101 in place of sunitinib (Supplementary Fig. S9A ). The large increase in vaccinia staining found when mpJX-594 was combined with sunitinib was not found when the virus was combined with DC101 ( Supplementary Fig. S9B and S9C) . Vaccinia staining was similar regardless of whether mpJX-594 was given alone or with two (2Â) or three doses (3Â) of DC101 ( Supplementary  Fig. S9B and S9C) . The reduction in tumor vascularity after DC101 was about the same as after sunitinib, but was greater after sunitinib plus mpJX-594 than the other treatments (Supplementary Fig. S9D ). Treatment-related differences in activated caspase-3 in RIP-Tag2 tumors ( Supplementary Fig. S9E ) correlated with, but was consistently greater than, the amount of vaccinia staining ( Supplementary Fig. S9F ).
Discussion
This study sought to identify factors that regulate tumor cell killing in spontaneous pancreatic neuroendocrine tumors after i.v. injection of oncolytic vaccinia virus mpJX-594 into RIP-Tag2 mice. Experiments revealed that the virus initially infected tumor blood vessels, but not normal blood vessels, and subsequently spread to focal regions of tumor cells that underwent oncolysis. However, tumor cell killing was much more widespread than the infection. Widespread tumor cell killing at 5 days was dependent on CD8 þ T cells, as shown by CD8 þ T-cell depletion, but was not dependent on viral GM-CSF, as reflected by equivalent tumor cell killing by mpJX-594 variants that expressed human GM-CSF, mouse GM-CSF, or no GM-CSF. Coadministration of sunitinib with mpJX-594 amplified vascular pruning and leakage in tumors, reduction of tumor burden, and suppression of invasion and metastasis. These effects were not mimicked by selective inhibition of VEGFR2 by DC101 antibody but were accompanied by reduction in Tregs and greater influx of activated CD8 þ T-cells.
mpJX-594 effects on RIP-Tag2 tumors and U87 gliomas
Oncolytic vaccinia viruses are reported to infect the vasculature of tumors and promote vascular collapse and necrosis (16) (17) (18) (19) . Infection of tumor vasculature has been described in biopsies from patients 7 days after a single i.v. infusion of JX-594 (18) . Our findings of widespread extravasation of fibrin, erythrocytes, and 50-nm microspheres in RIP-Tag2 tumors 5 days after mpJX-594 confirm the disruption of the endothelial barrier but argue against vascular collapse because leakage of these blood-borne tracers required blood flow.
RIP-Tag2 transgenic mice were used to study effects of oncolytic vaccinia viral infection on tumors that develop in their natural microenvironment and progress through the stages observed in humans (26) (27) (28) . Time-course experiments revealed that vaccinia virus initially infected and replicated in endothelial cells of tumor vessels, where vaccinia and YFP staining were visible at 6 hours and longer after i.v. injection of mpJX-594. Extravasation 
Contribution of CD8
þ T-cell influx to mpJX-594 tumor cell killing Apoptosis was widespread in tumors 5 days after mpJX-594, similar to other oncolytic viruses (42) . After mpJX-594, activated caspase-3 in tumors was much more widespread than vaccinia infection. The difference was more than 5-fold at 5 days.
Activated CD8 þ T cells were greatly increased in tumors of RIP-Tag2 mice treated with mpJX-594. Similarly, T-cell infiltration and widespread necrosis have been found in tumors of humans treated with JX-594/Pexa-Vec (10, 12) . The contribution of the immune response to the large amount of tumor cell apoptosis was examined by depleting CD8 þ T cells by prior administration of anti-CD8 antibody. In the absence of CD8 þ T cells, tumor cell killing at 5 days after mpJX-594 was limited to focal regions of vaccinia infection. The magnitude of infection was not reduced. These observations fit with the finding that intratumoral administration of oncolytic virus not only affects injected tumors but also affects noninjected metastases (5), and with other evidence for bystander effects due to virally triggered tumor-specific immunity (43) .
Contribution of GM-CSF expression to mpJX-594 tumor cell killing mpJX-594, like its clinical counterpart JX-594/Pexa-Vec, expresses human GM-CSF (18, 29) . Because of the limited activity of human GM-CSF in mice (30, 31) , we tested the contribution of GM-CSF by comparing variants of mpJX-594 that express human GM-CSF, mouse GM-CSF, or no GM-CSF. We sought to learn whether GM-CSF contributed to the CD8 þ T-cell-dependent, widespread tumor cell killing evident at 5 days. Although GM-CSF dependency seemed unlikely, because more than 5 days should be needed for maximal viral GM-CSF production and effect, we considered it important to determine whether mpJX-594 could induce widespread tumor cell killing in the absence of GM-CSF. The finding of widespread apoptosis in tumors at 5 days in strikingly similar amounts after all three variants of mpJX-594 indicates that viral GM-CSF made little or no contribution to tumor cell killing under these conditions. More prolonged studies with the three mpJX-594 variants would be needed to determine the contribution of viral GM-CSF at later time points. Indeed, greater efficacy of vaccinia virus that expresses GM-CSF has been reported in rabbits treated for 10 weeks (44).
Sunitinib amplification of mpJX-594 effects on tumors
Oncolytic vaccinia viral infection of endothelial cells can reduce tumor blood flow in mouse models (16) and cancer patients (18) , but perfusion recovers as vaccinia virus is cleared (19) . Sunitinib and other inhibitors of VEGF signaling are thought to increase efficacy and persistence of vaccinia viral effects by inhibiting angiogenesis and revascularization in tumors (19) .
Sunitinib amplified mpJX-594 infection, vascular pruning, leakage, CD8 þ T-cell recruitment, and apoptosis in tumors, and reduced invasion and metastasis in RIP-Tag2 mice. In dissecting the complementary effects of mpJX-594 and sunitinib, we considered the effects each had on the tumor vasculature. Sunitinib and other angiogenesis inhibitors are known to prune tumor blood vessels and leave behind "normalized" vessels (28, 36, 45) . However, reduction in tumor vascularity is an unlikely explanation for sunitinib amplification of mpJX-594, because sunitinib alone caused as much vascular pruning but had little effect on tumor cell killing. Even with the 30-day treatment regimen, the amount of apoptosis after mpJX-594 plus sunitinib was almost 3-fold greater than after mpJX-594 alone, but tumor vascularity was about the same. After administration of mpJX-594 alone or with sunitinib, tumor vessels had sustained blood flow but were more leaky, instead of the normalization typical of sunitinib (28, 45) . Leakiness continued for at least 5 days. Tumor vascular leakiness is reported to improve oncolytic viral delivery and efficacy in some tumor models (21, 46) . Sunitinib given briefly before reovirus is thought to increase efficacy by causing a rebound burst of VEGF signaling in tumor endothelial cells, which promotes viral replication, cell lysis, leakage, and immunemediated effects followed by vascular collapse (21) . Vascular collapse did not occur in RIP-Tag2 tumors after mpJX-594, as reflected by sustained blood flow and extravasation of microspheres, and was thus an unlikely cause of the amplified antitumor actions.
Tregs were present in RIP-Tag2 tumors in numbers reported for other tumor models (13, 47 
Influence of sequence of administration
To determine the influence of administration sequence, we treated RIP-Tag2 mice with mpJX-594 plus sunitinib together (Simultaneous) or 5 days apart (mpJX-594 first or Sunitinib first). Simultaneous and mpJX-594 first were more effective than Sunitinib first in increasing apoptosis in tumors, but all regimens were similarly effective in reducing tumor burden at 10 days. In contrast, DC101 given before or after mpJX-594 tended to decrease vaccinia infection, consistent with evidence for VEGF influence on oncolytic viral infection in endothelial cells (17, (19) (20) (21) .
Instead of simply blocking VEGF signaling and angiogenesis, sunitinib amplification of mpJX-594 effects fits better with a mechanism whereby sunitinib suppressed viral resistance, augmented mpJX-594 infection, reduced Tregs, and amplified activated CD8 þ T-cell in tumors. As a precedent, sunitinib increases oncolytic VSV infection by suppressing host genes (24, 25, 52) . These actions would reconcile the difference between the effects of sunitinib and selective VEGFR2 blockade by DC101.
mpJX-594 effects on metastasis Importantly, after i.v. administration mpJX-594 not only reduced the size of primary tumors but also infected and induced apoptosis in liver metastases in RIP-Tag2 mice, which to our knowledge has not been reported previously. mpJX-594 given with sunitinib reduced invasion and the incidence, number, and size of liver micrometastases in RIP-Tag2 mice treated until 17 weeks of age, when liver metastases are common (28, 40) . These findings indicate that sunitinib given with mpJX-594 did not have the proinvasive and prometastatic properties reported for sunitinib given alone to RIP-Tag2 mice (28) . The amplified level of vaccinia infection and CD8 þ T-cell influx in tumors could contribute to the greater reduction in tumor burden. The lack of significant survival benefit in the 30-day experiment probably resulted from the dominance of hypoglycemia and other metabolic changes over tumor burden in governing longevity of RIP-Tag2 mice (28) .
Translational relevance JX-594/Pexa-Vec administered intratumorally or intravenously has undergone phase I and II testing alone and in combination with other therapies for cancer in adults (8, 10, 11, 53, 54) and phase I testing in pediatric cancer patients (29) . Treatment of hepatocellular carcinoma by JX-594 plus sorafenib was accompanied by significant reduction of tumor vascular perfusion, sustained tumor necrosis, and prolongation of survival (17) . In this trial, JX-594 was given first because sorafenib, as a Raf kinase inhibitor, affects JX-594 replication, which is promoted by EGFR/Ras pathway activation in cancer cells (55) . In the same trial, 1 patient with renal cell carcinoma, who received sunitinib after participating in a JX-594 doseescalation trial, had a whole-body tumor response (17) . Randomized clinical trials will determine whether JX-594 followed by sunitinib is more efficacious than either agent alone in cancer patients.
In conclusion, oncolytic vaccinia virus mpJX-594 given by i. 
Flow cytometry
RIP-Tag2 mice were anesthetized, blood was removed by vascular perfusion of PBS for 2 minutes, and tumors were removed, weighed and digested in collagenase II and IV solution (625U/ml, Gibco) with DNase (60U/ml, Roche) for 30 minutes at 37°C, and erythrocytes were lysed. Total cells per tumor were counted with a Muse Cell Analyzer (Millipore Sigma, Billerica, MA). Cells were stained with anti-CD45-APC-Cy7, anti-CD3e-PE-Cy7 or anti-CD3e-Alexa 647,
